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A  Mo/SiOx  multilayer  film  was  deposited  on  a  Ce0.9Fe3CoSb12  skutterudite  surface  as  a  protective  coating 
by  magnetron  sputtering.  A  thermal  aging  test  was  conducted  under  vacuum  at  823-923  K,  and  the 
microstructural  evolution  of  the  multilayer  film  and  the  effects  of  the  protective  coating  on  the  suppres¬ 
sion  of  Sb  sublimation  were  investigated.  The  as-prepared  Mo  layer  is  crystallized  in  a  body-centered 
cubic  structure  with  preferred  orientation  of  the  (110)  plane  parallel  to  the  substrate,  whereas  the  SiOx 
layer  is  amorphous.  The  formation  of  a  Mo3Sb7  interlayer  between  the  skutterudite  and  coating  was 
observed  after  the  high  temperature  thermal  aging  that  enhanced  the  adhesion  between  the  coating 
and  the  skutterudite.  The  Mo3Sb7  layer  is  chemically  stable  at  high  temperatures;  therefore,  it  blocks 
the  further  diffusion  of  Mo  and  Sb  on  the  boundary.  The  Mo3Sb7/Mo/SiOx  multilayer  coating  can  effec¬ 
tively  suppress  Sb  sublimation,  enabling  high  temperature  applications  of  the  CoSb3-based  thermoelec¬ 
tric  device. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  use  of  thermoelectric  (TE)  devices  can  enable  the  direct 
conversion  between  heat  and  electrical  energy  and  provide  an 
effective  way  to  recover  low-grade  heat  energy  such  as  industrial 
waste  heat,  geothermal  energy,  solar  heat,  and  automobile  exhaust 
heat.  TE  technology  also  has  irreplaceable  applications  including 
space  or  other  special  power  sources.  The  energy  conversion  effi¬ 
ciency  of  TE  devices  depends  critically  on  the  performance  of  TE 
materials  and  operation  temperature.  Many  state-of-the-art  TE 
materials  have  been  developed,  such  as  Bi2Te3-based  alloy,  PbTe, 
CoSb3-based  filled  skutterudites  (SKDs),  Zn4Sb3,  clathrates,  FeSi2, 
and  SiGe  [1-17].  Among  them,  CoSb3-based  filled  SKDs  are  consid¬ 
ered  promising  materials  for  power  generation  in  the  intermediate 
temperature  range  (room  temperature  to  900  K)  for  harvesting 
industrial  waste  heat  and  the  heat  energy  of  automobile  exhaust 
gases  because  of  their  high  TE  performance  in  the  intermediate 
temperature  range.  However,  a  recent  study  revealed  that  CoSb3- 
based  SKDs  undergo  oxidation  and  decomposition  at  temperatures 
>673  K  [18-25],  much  lower  than  the  peritectic  temperature  of 
CoSb3  or  CoSb3-based  filled  SKDs.  The  decomposition  mainly 
comes  from  the  sublimation  of  antimony,  which  will  degrade  their 
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TE  properties  and  decrease  TE  device  durability.  For  the  practical 
application  of  SKD-based  TE  devices,  the  development  of  a  feasible 
technique  to  suppress  sublimation  of  the  volatile  antimony  from 
the  legs  near  the  hot  junction  over  time  in  a  multi-year  operation 
is  important. 

There  is  a  similar  issue  with  the  sublimation  of  germanium 
from  SiGe  unicouples,  which  have  been  successfully  used  in  radio¬ 
isotope  thermoelectric  generators  (RTGs)  during  the  past  four  dec¬ 
ades  [26,27].  The  sublimation  of  germanium  has  been  satisfactorily 
managed  using  thin  Si3N4  coatings.  Silica-based  composite  protec¬ 
tive  coatings  have  been  fabricated  to  suppress  the  sublimation  of 
antimony  [28].  A  thin  metallic  coating  developed  at  the  Jet  Propul¬ 
sion  Laboratory  was  shown  to  significantly  reduce  antimony  loss  in 
high-temperature  tests  [29-31].  Furthermore,  a  number  of  tests 
using  SKD-based  unicouples  (SKUs)  with  and  without  coatings 
have  been  conducted  at  high  temperatures  under  vacuum  condi¬ 
tions  [31-34]. 

On  the  other  hand,  Saber  theoretically  estimated  the  influences 
of  metallic  coatings  on  SKU  performance  and  found  that  a  Mo  coat¬ 
ing  was  ideal  since  it  has  the  relatively  close  coefficient  of  thermal 
expansion  with  the  SKDs  and  low  vapor  pressure  at  high  tempera¬ 
ture  [31].  However,  few  reports  have  described  the  experimental 
details  of  the  protective  coating  fabrication  and  the  effectiveness 
of  the  coatings  on  suppressing  sublimation  of  the  volatile  anti¬ 
mony.  In  the  present  work,  multilayer  thin  films  (Mo/SiOx)  were 
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deposited  on  the  surface  of  a  P-type  Ce0.9Fe3CoSbi2  SKD  via  magne¬ 
tron  sputtering. 

The  effectiveness  of  the  coating  films  on  suppressing  the  anti¬ 
mony  sublimation  was  examined  using  an  isothermal  aging  test 
under  vacuum  at  823  K,  893  K,  and  923  K  for  various  periods  by 
comparison  to  the  uncoated  samples.  The  high  temperature  stabil¬ 
ity  of  the  protective  coating  was  evaluated  by  examination  of  the 
inter-diffusion  on  the  coating-SKD  boundary.  These  results  show 
the  effectiveness  of  the  Mo/SiOx  multilayer  film  as  a  protective 
coating  for  the  SKD  thermoelectric  device. 


2.  Experimental 

The  P-type  SKD  Ce0.9Fe3CoSbi2  samples  were  prepared  by  melting,  annealing, 
and  spark  plasma  sintering  (SPS)  processes  described  in  our  previous  publication 
[35].  Highly  pure  elements  Ce  (99.9%,  piece),  Fe  (99.99%,  shot),  Co  (99.95%,  shot), 
and  Sb  (99.9999%,  shot)  were  chosen  as  the  raw  materials.  The  mixture  of  the  pure 
metals  with  the  stoichiometric  composition  was  sealed  in  a  quartz  tube  with  carbon 
depositing  on  the  inner  wall.  Subsequently,  the  tube  was  slowly  heated  to  1370  K, 
the  temperature  was  maintained  for  12  h.  After  that,  the  tube  was  quenched  in  a 
saltwater  bath  and  then  annealed  at  953  K  for  72  h.  Finally,  the  obtained  ingot 
was  ground  into  fine  powders  by  an  agate  mortar  and  then  sintered  by  SPS  at 
850  K  for  8  min  under  a  pressure  of  60  MPa.  The  obtained  SKD  samples  were  cut 
into  rectangular  samples  with  dimensions  of  6x6x2  mm3  and  then  polished 
using  1 -pm  diamond  paste.  Deposition  of  the  Mo  and  SiOx  thin  films  was  performed 
in  a  magnetron  sputtering  device  using  80-mm-diameter  Mo  and  Si  targets  in  the 
same  chamber.  The  deposition  time  for  both  Mo  and  Si  was  30  min.  A  small  of 
amount  of  oxygen  was  introduced  during  the  Si  sputtering  process  to  obtain  SiOx. 
The  base  pressure  of  the  deposition  chamber  was  kept  at  5  x  10-4  Pa. 

The  coated  samples  were  sealed  in  an  evacuated  ampule  and  then  heated  to 
823  K,  893  K,  and  923  K  for  the  isothermal  aging  test.  The  aging  time  was  set  to 
100  h  and  250  h  for  each  aging  temperature.  The  phase  composition  of  the  samples 
was  analyzed  by  X-ray  diffraction  (XRD)  using  a  Rigaku  RINT  2000  V  (Rigaku,  Tokyo, 
Japan),  the  microstructure  of  the  sample  surface  and  cross-section  was  observed  by 
scanning  electron  microscopy  (SEM;  JSM-6700F;  JEOL,  Tokyo,  Japan),  and  the  chem¬ 
ical  composition  was  examined  by  electron  probe  micro-analysis  (EPMA;  model 
8705QH2;  JEOL,  Tokyo,  Japan)  using  an  energy  dispersive  spectroscopy  (EDS) 
system. 


3.  Results  and  discussion 

3.1.  Structural  and  compositional  evolutions  of  Mo/SiOx  multilayer 
films 

Fig.  1  shows  typical  SEM  images  of  the  as-deposited  Mo/SiOx 
multilayer  film  on  the  Ceo.gFe3CoSbi2  bulk  sample.  The  dense  array 
of  the  Mo/SiOx  film  completely  covered  the  SKD  substrate  without 
any  visible  cracks  or  pin-holes.  The  Mo  and  SiOx  layers  featured 
good  adhesion  without  obvious  defects  or  cracks  at  the  boundary. 
The  Mo  and  SiOx  layers  were  2  pm  and  <1  pm,  respectively. 

Fig.  2  shows  the  XRD  pattern  of  the  as-prepared  Mo/SiOx  film  on 
the  Ce0.gFe3CoSbi2  bulk.  In  addition  to  the  diffraction  peaks  of  the 
SKD  substrate,  only  that  of  Mo  in  the  (110)  preferred  direction 
was  observed  as  the  main  crystal  phase  of  the  coating  layer.  No 


Fig.  2.  XRD  patterns  of  the  as-prepared  SKD/Mo/SiOx  bulk  sample. 


diffraction  peaks  corresponding  to  the  SiOx  phase  were  clearly  ob¬ 
served  by  XRD,  indicating  that  the  SiOx  sublayer  was  amorphous. 

Fig.  3  shows  SEM  images  of  the  Mo/SiOx  surface  after  aging  at 
the  different  temperatures  for  the  different  time  periods.  No  cracks 
were  observed  on  the  surfaces  even  after  the  aging  test,  implying 
that  the  multilayer  film  adhered  well  to  the  SKD  substrate  material 
even  after  long-term  and  high-temperature  treatment. 

Fig.  4  shows  the  cross-sectional  microstructure  of  the  samples 
after  aging  at  the  different  conditions.  Similar  to  the  surface  obser¬ 
vation,  the  cross-sectional  observation  also  revealed  that  both  the 
coated  layer  and  the  SKD  bulk  were  free  of  cracks  and  pores  and 
showed  excellent  adhesions  between  the  coating  and  SKD  bulk. 
However,  when  we  focused  on  the  layer  structure  and  thickness, 
we  found  what  appeared  to  be  a  new  layer  between  Mo  and  SKD 
that  had  formed  during  the  thermal  aging  process. 

The  thickness  of  the  newly  formed  inter-reaction  layer  in¬ 
creased  and  that  of  the  Mo  layer  decreased  as  aging  temperature 
or  period  increased.  The  thickness  of  the  inter-reaction  layer  was 
3  pm  after  aging  at  823  K  for  100  h  and  increased  to  approximately 
6  pm  when  the  aging  temperature  increased  to  923  K.  The  thick¬ 
ness  of  the  inter-reaction  layer  changed  from  4  pm  to  5  pm  when 
the  aging  period  was  increased  from  100  h  to  250  h  at  893  K. 

To  determine  the  chemical  composition  of  the  interlayer 
formed  during  aging  at  high  temperatures,  EPMA  line  analysis 
was  used  to  examine  the  composition  profile  along  the  thickness 
direction  of  the  multilayer  film.  Figs.  5  and  6  show  the  cross- 
sectional  microstructure  and  concentration  profiles  of  the  main 
elements  across  the  coating  after  aging  for  lOOh  at  823  K  and 
923  K,  respectively.  The  Sb  partly  diffused  into  the  Mo  layer,  while 
the  Mo  diffused  toward  the  SKD  bulk  to  form  the  interlayer.  No  Sb 
was  detected  in  the  outer  SiOx  layer. 
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Fig.  1.  SEM  images  of  the  as-deposited  Mo/SiOx  multilayer  film  on  the  Ce0.9Fe3CoSbi2  bulk  sample  (a)  surface  and  (b)  cross-section. 
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Fig.  3.  SEM  images  of  the  surface  morphology  of  Mo/SiOx  on  SKD  aged  at  (a)  823  K  for  100  h,  (b)  893  K  for  100  h,  (c)  893  K  for  250  h  and  (d)  923  K  for  100  h. 
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Fig.  4.  SEM  images  of  cross-sectional  microstructure  of  SKD/Mo/SiOx  aged  at  (a)  823 
indicate  the  thickness  of  the  newly  formed  interreaction  layers  after  thermal  aging. 

The  coating  typically  involves  three  layers:  the  outermost  layer 
(position  1)  is  Si  with  little  O  content;  the  intermediate  layer  (posi¬ 
tion  2)  is  Mo  with  negligible  Si  content;  and  the  inner  layer  (posi¬ 
tion  3)  contains  Mo  and  Sb  in  a  3:7  atomic  ratio.  Compared  to  the 
sample  aged  at  823  K  for  100  h,  the  inner  diffusion  layer  (position 
3)  in  the  sample  aged  at  923  K  for  the  same  period  became  thicker. 

In  both  cases,  the  inter-reaction  layer  was  dense  and  stable.  More 
importantly,  the  Sb  diffusion  did  not  penetrate  the  Mo/SOx  films 


K  for  100  h,  (b)  893  K  for  100  h,  (c)  893  K  for  250  h  and  (d)  923  K  for  100  h.  The  bars 


even  after  thermal  aging  at  temperatures  as  high  as  923  K  for 
100  h,  implying  that  the  interlayer  can  block  or  delay  the  further 
diffusion  of  Sb  and  Mo.  In  addition,  interlayer  formation  is  believed 
to  be  beneficial  for  increasing  adhesion  between  the  SKD  and  the 
Mo/SiOx  film. 

Fig.  7  compares  the  XRD  patterns  of  the  as-prepared  SKD/Mo / 
SiOx  and  those  after  aging  under  the  different  conditions.  For  the 
as-prepared  Mo/SiOx  multilayer  films,  Ce0.9Fe3CoSbi2  and 
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Fig.  5.  (a)  SEM  image  of  cross-sectional  microstructure  and  (b)  concentration  profiles  of  main  elements  in  the  multilayer  coating  aged  at  823  I<  for  100  h. 


Fig.  6.  (a)  SEM  image  of  cross-sectional  microstructure  and  (b)  concentration  profiles  of  main  elements  in  the  multilayer  coating  aged  at  923  K  for  100  h. 
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Fig.  7.  XRD  patterns  of  (a)  the  as-prepared  SKD/Mo/SiOx,  and  the  samples  aged  at 
(b)  823  K  for  100  h,  (c)  893  K  for  100  h,  (d)  893  K  for  250  h  and  (e)  923  K  for  100  h. 

Mo(l  1 0)  peaks  were  clearly  observed  (Fig.  7a).  After  the  thermal 
aging  process,  the  SKD  diffraction  peaks  disappeared  (Fig.  7b-e) 
and  a  series  of  new  diffraction  peaks  appeared.  These  new  diffrac¬ 
tion  peaks  could  be  indexed  as  the  Mo3Sb7  compound. 


Taking  into  account  the  SEM  observation  and  EPMA  results 
shown  in  Figs.  4-6,  it  is  easy  to  conclude  that  the  interdiffusion 
of  Sb  and  Mo  occurred  at  high  temperature,  leading  to  the  forma¬ 
tion  of  the  new  Mo3Sb7  layer  due  to  the  Mo/Sb  inter-reaction.  A 
phase  diagram  of  the  Mo-Sb  system  also  provides  the  possibility 
of  Mo3Sb7  formation  at  high  temperature  [36].  Since  the  Mo 
phase  equilibrates  with  Mo3Sb7,  the  Mo  layer  deposited  on 
Ceo.gFe3CoSbi2  changed  from  Mo/Mo(Sb)  to  Mo/Mo3Sb7  due  to 
the  Sb  and  Mo  interdiffusion  and  reaction.  Simultaneously,  there 
seemed  to  be  no  difference  in  the  profiles  around  the  Mo/SiOx 
(SKD/Mo/SiOx)  interface  before  and  after  aging. 

There  are  no  characteristic  diffraction  peaks  in  the  SiOx  sublay¬ 
er,  indicating  that  the  SiOx  film  remains  amorphous  after  annealing 
at  the  present  aging  conditions.  At  the  same  time,  the  peaks  of  the 
Mo3Sb7  layer  increase  with  increasing  aging  temperature  or  period 
(Fig.  7b-e).  The  Mo3Sb7  peaks  become  stronger  and  more  obvious 
than  the  Mo  peaks  after  aging  at  893  K  for  250  h.  The  Mo  peaks 
after  aging  at  823  K  and  893  K  for  lOOh  become  stronger  than 
those  in  the  as-prepared  samples  as  the  degree  of  Mo  crystalliza¬ 
tion  increases.  The  Mo  peaks  decrease  after  aging  at  893  K  for 
250  h  and  at  923  K  for  100  h  due  to  further  Mo  and  Sb  reactions. 
The  Mo  diffraction  peaks  are  still  observable  even  after  being  aged 
at  923  K  for  100  h,  implying  that  diffusion  slows  after  Mo3Sb7 
formation. 

3.2.  Sb  sublimation  during  aging 

The  effect  of  the  Mo/SiOx  multilayer  film  on  suppressing  Sb  sub¬ 
limation  was  investigated  by  comparison  of  the  cross-sectional 
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Fig.  8.  Cross-sectional  microstructure  of  samples  without  coating  (a)  and  with  Mo/SiOx  coating  (b)  aged  at  923  K  for  100  h. 


Fig.  9.  SEM  image  and  EDX  mapping  of  cross  section  of  uncoated  Ce0.9Fe3CoSb12  aged  at  923  K  for  100  h:  (a)  SEM  micrograph  and  (b)  Sb  EDX  mapping. 


microstructure  and  Sb  distribution  of  the  SKD  samples  with  and 
without  the  coating.  Fig.  8  shows  the  cross-sectional  SEM  images 
of  the  SKD  samples  with  and  without  the  coating  after  aging  at 
923  K  for  100  h.  In  the  uncoated  sample,  after  heat  treatment  at 
923  K  for  100  h,  evident  changes  in  the  microstructural  features 
were  observed.  The  surface  portion  became  porous  after  heat 
treatment,  and  the  porosity  gradually  decreased  from  the  surface 


portion  to  the  inner  portion.  The  thickness  of  the  porous  “layer” 
was  approximately  200  pm  for  the  samples  aged  at  923  K.  On  the 
other  hand,  no  evident  change  in  microstructure  was  observed  in 
the  Mo/SiOx-coated  sample  in  which  there  were  no  visible  pores 
near  the  coated  surface. 

To  examine  the  changes  in  the  chemical  composition  of  the 
samples  after  heat  treatment,  energy-dispersive  X-ray  diffraction 


Fig.  10.  SEM  image  and  EDX  mapping  of  cross  section  of  SKD/Mo/SiOx  after  being  aged  at  923  K  for  100  h:  (a)  SEM  micrograph;  (b)  Sb  EDX  mapping;  (c)  Mo  EDX  mapping  and 
(d)  Si  EDX  mapping. 
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(EDX)  mapping,  including  Sb,  Fe,  Co,  Ce,  Mo,  and  Si,  was  applied  to 
examine  the  composition  profile  of  the  sample  cross-sections.  The 
mapping  results  (not  shown  here)  indicate  that  even  for  the  un¬ 
coated  samples,  there  was  no  evident  difference  in  Fe,  Co,  or  Ce  be¬ 
tween  the  surface  and  inner  portions  after  heat  treatment.  Fig.  9 
shows  that  the  content  of  the  Sb  element  increased  in  the  direction 
from  the  surface  portion  to  the  inner  portion  for  the  uncoated  sam¬ 
ples  aged  at  923  K  for  100  h.  Some  defects  and  non-uniformities  of 
the  Sb  were  also  observed  near  the  surface.  Furthermore,  when  the 
SEM  microstructure  was  combined  with  the  Sb  distribution,  areas 
with  deficient  Sb  in  the  EPMA  mapping  corresponded  to  those 
portions  with  defects  or  pores  in  the  SEM  images.  Therefore,  the 
non-uniform  distribution  of  Sb  implied  that  the  pores  and  micro- 
structural  defects  observed  on  the  SEM  image  were  due  to  decom¬ 
position  and  Sb  sublimation. 

Fig.  10  shows  the  distribution  of  Sb,  Mo,  and  Si  by  EDX  mapping 
of  a  typical  cross-sectional  area  close  to  the  surface  of  the  sample 
with  the  Mo/SiOx  coating  after  aging  at  923  K  for  100  h.  The  Sb  dis¬ 
tribution  is  uniform  throughout  the  observed  area  without  a  visible 
difference  between  the  surface  and  inner  portions.  The  existence  of 
the  Si-  and  Mo-containing  layers  is  clearly  reflected  by  the  concen¬ 
trated  Si  and  Mo  belt-shaped  area  on  the  EDX  mapping.  The  sharp 
boundaries  of  the  Si-  and  Mo-containing  layers  indicate  that  the 
Mo  and  Si  on  the  coated  surface  are  stable  at  high  temperatures 
without  obvious  diffusion.  These  results  suggest  that  the  SiOx/ 
Mo/Mo3Sb7  multilayer  coating  on  the  Ce0.9Fe3CoSbi2  formed  by 
sputtering  and  diffusion  shows  excellent  chemical  stability  at  high 
temperatures  and  acts  as  an  effective  protective  coating  to  sup¬ 
press  Sb  sublimation  at  high  temperatures. 

4.  Conclusions 

The  multilayer  Mo/SiOx  film  was  coated  on  the  Ce0.9Fe3CoSbi2 
surface  by  magnetron  sputtering.  The  Mo/SiOx  multilayer  film  is 
mainly  composed  of  the  stacking  of  body-centered  cubic 
Mo(110)  and  amorphous  SiOx.  The  interdiffusion  of  Mo  and  Sb 
on  the  boundary  at  high  temperature  resulted  in  the  formation  of 
a  Mo3Sb7  layer  that  is  stable  at  high  temperature,  facilitates  adhe¬ 
sion  improvements  between  the  SKD  and  the  Mo/SiOx,  and  blocks 
further  interdiffusion  on  the  boundary.  The  coating  structure  was 
virtually  unchanged  after  thermal  aging,  showing  excellent  ther¬ 
mal  and  chemical  stability.  Neither  pores  nor  structural  defects 
were  observed  in  the  coated  Ceo.gFe3CoSbi2  samples  after  thermal 
aging  at  823-923  K.  The  Sb  sublimation  of  Ce0.gFe3CoSb12  at  high 
temperatures  was  greatly  suppressed  by  the  Mo/SiOx/Mo3Sb7  mul¬ 
tilayer  coating. 
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